Pancreatic cancer (PaC) carries a lethal prognosis, and has become the fourth leading cause of cancer mortality worldwide 1 . PaC tends to be diagnosed relatively late and is extremely lethal with a 5-year survival rate of only 9% 1 ; therefore, early detection is important. Previous studies have reported several risk factors for PaC, including smoking, obesity, chronic pancreatitis, alcohol consumption, hepatitis B virus infection, family history of PaC, and diabetes 2 . Diabetes is complexly linked to PaC. Most of PaC patients have either glucose intolerance or diabetes. PaC can cause diabetes, and diabetes is not only thought to be a risk factor for incident PaC 3 , but is also associated with worse treatment outcomes 4 . Furthermore, an association between antidiabetic medication (ADM) and PaC has been reported. Several studies have reported that metformin usage is related to reduced risk of PaC, whereas sulfonylurea and insulin are associated with increased risk [5] [6] [7] . In addition, a survival benefit of prior metformin usage in PaC patients with preexisting diabetes has been demonstrated 8 . Although there are several classes of ADMs, previous significant findings were mainly confined to older medication, including metformin, sulfonylurea, and insulin, whereas data on relatively newer medication such as dipeptidyl peptidase-4 inhibitor (DPP4i) and thiazolidinedione (TZD) are sparse. For DPP4i, a recent elderly cohort study with limited sample size showed lower risk for PaC than for sulfonylurea 9 and in a large-scale clinical trial, DPP4i-treated subjects showed a numerically but not significantly lower incidence of PaC than placebo-treated subjects 10 . Recently, the prescription of newer ADMs has steadily increased worldwide including in South Korea because of the lower risk of hypoglycemia and weight gain 11 . Therefore, there is an urgent need for further information about detailed safety profiles 11, 12 .
In South Korea, the National Health Insurance Corporation (NHIC) is a health insurance system that is subscribed by approximately 97% of the Korean population and the remaining 3% are covered by a medical aid program. The NHIC holds a huge amount of health information on 50 million Koreans, about eligibility (age, sex, socioeconomic status, type of eligibility, income level, etc.), medical treatment, and health screening examinations, and maintains a medical care institution database (types of medical care institutions, location, equipment and number of physicians) 13 . Additionally, from 2002, the Korea Central Cancer Registry (KCCR) has constructed the Korea National Cancer Incidence Database, with an estimated completeness of 97.8% 14 . These large-scale nationwide population-based data are expected to provide a sufficient number of specific disease cases for analyses.
Hence, the aims of this study are to investigate whether diabetes is related to the risk of PaC in Koreans stratified by age, sex, and observation period, and to evaluate the effects of each class of ADM, in addition to metformin and sulfonylurea, on the risk of PaC.
Methods
Data source and selection of study subjects. We retrospectively reviewed the whole health information, provided by the NHIC, of insured Koreans aged ≥30 years. After excluding subjects who were previously diagnosed with diabetes or PaC before December 31, 2008, we included the subjects who were newly diagnosed with diabetes between January 1, 2009, and December 31, 2012, as the diabetes group and selected an age-and sex-matched control group at a 1:4 ratio.
Because healthcare providers submit reports on medical services provided under health insurance policies to the Health Insurance Review and Assessment service for a review of the medical costs incurred in Korea, the medical treatment database is based on medical bills claimed by healthcare providers. Subscribers aged more than 40 years, insured employees or the self-employed are recommended to undergo free standardized medical examinations every two years, which consist of general health examinations including anthropometric and laboratory data (e.g., fasting glucose, lipid profiles, etc.) and questionnaires on lifestyle and behavior.
Study protocols were approved by the official review committee in the NHIC. The study was also reviewed and approved by the Institutional Review Board of the Korea University Ansan Hospital and was carried out in accordance with the Helsinki Declaration of 1975.
Study outcomes. The endpoints of this study were the first diagnoses of PaC until December 31, 2015.
Incident PaC was defined as a new registration in the KCCR under the International Classification of Diseases, 10th edition (ICD-10) C25 15 with admission histories in hospitals, except for those from dental hospitals, pharmacies, or the Korean Oriental Medicine Clinic. The index date was the date of the first diagnosis of diabetes in the diabetes group and the date of the first health screening exam or January 1, 2009, in the control group. The observation period was calculated using the duration between index date and diagnosis date in PaC patients or December 31, 2015, in none-PaC subjects.
The operational definition of diabetes and other conditions. The presence of diabetes was determined by the following criteria: (1) the presence of at least one claim per year for the prescription of ADM under ICD-10 E10-14, or (2) fasting glucose level ≥7.0 mmol/L obtained from the health examination database. ADMs were classified into metformin, sulfonylurea, meglitinide, TZD, DPP4i, alpha-glucosidase inhibitor (AGI), and insulin. The glucagon-like peptide-1 receptor agonist was not included in this study because health insurance coverage has only been available since November 2010 with strict conditions 12 . Drug exposure was defined as a prescription history of ≥90 days until one year before the diagnosis of PaC. That is, subjects with a prescription history of 1-89 days were classified as nonusers.
We defined several risk factors for PaC using ICD-10 codes 2 : chronic pancreatitis (K86.0 and K86.1); acute pancreatitis (K85); hepatitis B virus (B16, B18.0, and B18.1), hepatitis C virus (B17.1 and B18.2); biliary diseases including cholecystitis, cholangitis, cholelithiasis, and choledocholithiasis (K80-K83); alcoholism defined as ICD-10 F10.2 or heavy alcohol consumption (≥30 g/day) in the questionnaire obtained from the health examination database; and non-alcoholic fatty liver disease (NAFLD, K76.0).
The presence of hypertension was determined by the presence of at least one claim per year for the prescription of antihypertensive drugs under ICD-10 codes I10-I15, or systolic blood pressure (BP) ≥140 mmHg and diastolic BP ≥90 mmHg obtained from the health examination database. The presence of dyslipidemia was determined by the presence of at least one claim per year for the prescription of antihyperlipidemic agents under ICD-10 codes E78, or total cholesterol levels ≥6.21 mmol/L obtained from the health examination database. Previous history of stroke, transient ischemic attack, and myocardial infarction were defined as the presence of ICD-10 I63-64, G458-459, and I21-22, respectively.
Income status was stratified into quartile and medical aid.
Variables derived from the health screening exam database. The participants of a governmentoperated health examination answered a questionnaire addressing demographic characteristics and lifestyle habits, such as smoking status, alcohol consumption, and exercise. Body mass index (BMI) was calculated as weight in kilograms divided by the square of height in meters. BP was measured using a standardized sphygmomanometer after 5 minutes of rest. Venous blood samples were collected in the morning after an overnight fast of at least 8 hours. Statistical analysis. Data are presented as the mean ± standard deviation (SD), geometric mean (95% confidence interval [CI]), or number (percentage). The baseline characteristics were compared between the diabetes and control group using t-tests for continuous variables and the chi-squared test for categorical variables.
To assess the relative risk of incident PaC, we performed Cox proportional hazard analyses in the total subjects after stratifying them according to age (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) , and ≥65 years), sex, and observation period (1.1-2.0, 2.1-4.0, and ≥4.1 years) with the control group as a reference. We excluded the subjects whose follow-up period was less than 12 months to reduce the potential for reverse causality.
To evaluate the effect of ADM on PaC risk related to diabetes, we conducted Cox analysis confined to the diabetes group with nonusers of each kind of ADM as a reference. The relative risk of PaC was estimated in the whole diabetes group, including drug-naïve subjects, and in the treated diabetes group with a history of more than 90 days prescription of ADM. Given metformin has been used as a first-class ADM 16 , we examined the relative risk of incident PaC in subjects who have taken other classes of ADM in addition to metformin compared to metformin-only users.
In the above-mentioned Cox analyses, we adjusted for age, sex, chronic pancreatitis, acute pancreatitis, hepatitis B, hepatitis C, biliary disease, alcoholism, NAFLD, income of the lowest quartile, place of residence, and the number of different exposed ADM as confounders. For stricter adjustment of confounders, subgroup analyses were conducted with a selection of subjects who had available health screening exam data at baseline. Fasting serum glucose level, BMI, and current smoking status were additionally adjusted in subgroup analyses. We confirmed the variable inflation factor for all covariates of less than 2.0, indicating no relevant multicollinearity among covariates. SAS version 9.3 (SAS Institute Inc., Cary, NC, USA) was used for statistical analysis. A p value of <0.05 was considered to be statistically significant.
Data availability.
The data that support the findings of this study are available from the National Health Insurance Corporation but restrictions apply to the availability of these data, which were used under license for the current study, and so are not publicly available. Data are however available from the authors upon reasonable request and with permission of the National Health Insurance Corporation.
Ethics approval and consent to participate. All participants provided written informed consent. Study protocols were approved by the official review committee in the NHIC. The study was also reviewed and approved by the Institutional Review Board of the Korea University Ansan Hospital and was carried out in accordance with the Helsinki Declaration of 1975.
Results
A total of 1,005,409 subjects from the diabetes group and 4,021,636 subjects from the control group were identified for analysis. As shown in Table 1 , the proportion of individuals who had a risk factor for PaC and cardiometabolic diseases were higher in the diabetes group than in the control group.
During 19,429,617.1 person-years of follow-up (median [interquartile range] of follow-up period was 4.9 [3.9-6.0] years), 8,589 new cases of PaC were identified from the KCCR after excluding subjects whose follow-up period was less than 12 months. The diabetes group had more than twice the risk of incident PaC compared with the control group (Table 2) . When we stratified subjects according to age, sex, and observation period, this significance was consistently observed in all groups after adjustment for the risk factors of PaC.
In Cox analysis conducted only in the diabetes group, subjects with metformin, TZD, and DPP4i exposure showed a significantly lower risk of PaC, whereas sulfonylurea and insulin usage was associated with a higher risk of PaC (Table 3 ) compared to those that took no drugs, after adjustment for age, sex, history of morbidities associated with the risk of PaC, and socioeconomic status. AGI usage was related to an increased risk of PaC with further adjustment for the number of different exposed ADM.
We repeated the analyses confined to subjects who have ≥90 days of prescription histories of more than one type of ADM (Supplementary Table S1 ). Similar protective effects of TZD and DPP4i and harmful effects of sulfonylurea and insulin on the risk of PaC were observed. After full adjustment including the number of different ADM exposures, the protective effect of TZD exposure disappeared.
When we confined Cox analyses to metformin users, dual exposure to TZD or DPP4i plus metformin led to a significantly decreased risk of PaC, whereas sulfonylurea or insulin plus metformin were related to increased risk of PaC compared to metformin-only exposure (Table 4) .
For subgroup analysis, 864,949 subjects from the diabetes group and 3,459,796 subjects from the control group who had available health examination data were selected. A total of 5,225 cases of PaC developed in these subgroups after excluding subjects whose follow-up period was less than 12 months. The diabetes group showed worse metabolic profiles than the control group (Supplementary Table S2 ). When we additionally adjusted fasting serum glucose levels at baseline, BMI, and current smoking as confounders, the diabetes group still showed a significantly higher risk of incident PaC compared with the control group, especially in those aged more than 40 years and whose observation period was more than two years (Supplementary Table S3 ). In subjects who had a history of ADM exposure, metformin and DPP4i exposure were associated with a decreased risk of PaC, whereas sulfonylurea exposure was correlated with increased risk (Supplementary Table S4 ) compared to those who were not exposed to ADMs. In metformin users, exposure to both metformin and TZD or metformin and DPP4i led to decreased risk for PaC versus metformin-only exposure (Supplementary Table S5 ).
Discussion
To the best of our knowledge, this is the largest nationwide population-based cohort study that has shown an increased risk of incident PaC in diabetes patients regardless of age, sex, and observation period. In this study, not only metformin but also DPP4i or TZD exposure was associated with decreased risk of future PaC, whereas sulfonylurea or insulin exposure increased the risk. In addition, subjects with dual exposure to metformin plus TZD or metformin plus DPP4i were at lower risk of PaC compared with metformin-only treated subjects.
The present study confirms the previous findings of several population-based studies regarding the elevated risk for PaC in diabetic patients 17, 18 . However, in those studies, a significant relationship was observed only in patients aged over 45 years 17 , or in those with a diabetic duration of less than 2 years 18 . More consistent results might have been obtained across age groups and disease durations by using a sufficient number of study subjects and PaC cases.
Numerous studies have examined whether ADM might modify the risk of PaC 7 . Our findings are consistent with previous studies that have reported risk reduction in incident PaC with metformin 5, 6 and risk increase with sulfonylurea exposure [5] [6] [7] . The antitumor effects of metformin can be mediated by direct action on the adenosine monophosphate-activated protein kinase signaling pathway and the consequent inhibition of the mammalian target of the rapamycin pathway, as well as secondary effects on insulin sensitivity and hyperinsulinemia 19 . Sulfonylurea is thought to promote carcinogenesis by increasing insulin-like growth factor-1 (IGF-1) activity, resulting in the abnormal stimulation of various cellular signaling cascades, enhancing growth factor-dependent cell proliferation, and affecting cell metabolism 19 . One of the novel findings of the present study is the cancer-protective implication of DPP4i. Its impact on PaC risk has not yet been conclusively demonstrated. Analyses from the adverse event reporting system of the US Food and Drug Administration and the National Health Insurance database of Taiwan suggested a causal relationship between sitagliptin usage and the risk of PaC 20, 21 . However, in a USA study of Medicare claims data evaluating cardiovascular outcomes with sitagliptin, there was no significant effects on PaC 9, 10 . A common limitation of the aforementioned studies was an insufficient number of PaC cases due to its low incidence rate 9, 20, 21 . Although DPP4i has favorable safety profiles, such as a low risk of hypoglycemia or weight gain, and effectiveness in glycemic control, the high price is a stumbling block for its usage 16, 22 . In Korea, however, the use of DPP4i has dramatically increased since 2009, and comprised one-third of the market share in 2013 because of the approval for reimbursement, with metformin dominating the market over this period 11, 12 . Therefore, we could include a high incidence of DPP4i usage in our study. Additionally, because the data from NHIC and KCCR covered the whole population of Korea, we obtained sufficient PaC cases for analysis, and simultaneous assessment of the effects of ADMs on PaC was possible. A preclinical study suggested that the antitumor effect of DPP4i is due to downregulation of autophagy, increased apoptosis, and cell cycle arrest 23 . Given that DPP4i has been widely used as a second-line therapy after metformin 16, 22 , most DPP4i users were also metformin users. To avoid overestimating the protective effect of DPP4i by a possible combined metformin antitumor effect, we repeated the analyses confined to metformin users. Interestingly, dual exposure to DPP4i and metformin was more protective against PaC than metformin-only exposure. Further studies on this possible synergistic effect will be needed.
This study showed the protective impact of TZD exposure on the risk of PaC for the first time. Previous population-based studies in diabetes showed the association of TZD usage with decreased risk of liver cancer 24, 25 , but not of PaC 7, 18 . However, again, the number of PaC cases in those studies was too small to reach statistical significance. The antitumor effect of TZD has already been suggested by several researchers [24] [25] [26] . Galli et al. reported that TZD could inhibit cell growth and induce ductal differentiation by peroxisome proliferator-activated Table 2 . Risk of incident pancreatic cancer in total subjects and according to sex, age, and observation period. Cox proportional hazard models were used to estimate hazard ratios and 95% confidence intervals. Model 1 was adjusted for age and sex. Model 2 is the same as model 1 plus an adjustment for chronic pancreatitis, acute pancreatitis, hepatitis B, hepatitis C, biliary disease, alcoholism, non-alcoholic fatty liver disease, income of lowest quartile, and place of residence. HR, hazard ratio; CI, confidence interval.
SCIEnTIfIC REPORts | (2018) 8:9719 | DOI:10.1038/s41598-018-27965-2 receptor γ (PPARγ) pathways, and the PPARγ-independent pathway could inhibit cell invasiveness by the inhibition of gelatinolytic and fibrinolytic activity 26 . An increased risk for PaC has been suggested in cases of insulin-based therapies 6 . Because subcutaneous injection of insulin might induce higher levels of systemic insulin than endogenous insulin secretion, insulin therapy could amplify the possible relationship between hyperinsulinemia and malignancy risk by excessive insulin binding to the IGF-I receptor 27 . All of the diabetic subjects in this study were newly diagnosed; therefore, only 1% of subjects in the diabetes group were exposed to insulin and very few cases of PaC (8 cases) developed. Nevertheless, a significantly increased hazard ratio (HR) with wide CIs was found in the subjects with insulin exposure.
The results of AGI usage should be interpreted cautiously. Through enhancing colonic butyrate production, thereby possibly promoting colonic differentiation and nutrition, AGI is thought to be associated with a low risk of gastrointestinal cancer 28 . However, conflicting results in cancer incidence were also observed in previous meta-analysis by Wu et al., which showed that AGI usage was associated with a 10% increased risk of cancer incidence 29 . In this study, AGI users showed increased HRs compared to nonusers or metformin-only users in some models, but no significant effects were observed in models fully adjusted for glucose, obesity, and smoking status in subgroup analyses. Also, AGI users occupied a relatively small portion of subjects in our study. A future prospective study on this topic is needed. Table 4 . Risk of incident pancreatic cancer according to drug exposure in metformin users. Cox proportional hazard models were used to estimate hazard ratios and 95% confidence intervals. Model 1 was adjusted for age and sex. Model 2 is the same as model 1 plus an adjustment for chronic pancreatitis, acute pancreatitis, hepatitis B, hepatitis C, biliary disease, alcoholism, non-alcoholic fatty liver disease, income of lowest quartile, and place of residence. No, number; IR, incidence rate; ADM, anti-diabetic medication; HR, hazard ratio; CI, confidence interval; AGI, alpha-glucosidase inhibitor.
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Despite several strengths, this study has limitations. First, reverse causality is a major concern. Because PaC is a diabetogenic state in itself, diabetes patients with PaC might experience rapid worsening of glycemic status, thereby switching or adding ADMs. Thus, we excluded PaC events that occurred within one year after inclusion to minimize reverse causality, and defined drug exposure as a prescription dating to more than one year prior to the diagnosis of PaC. When we excluded the subjects whose follow-up period less than two years, these significances were consistently observed (Supplementary Table S6 ). Second, the dose of each drug, medication compliance, or exact glycemic control status could not be considered in this large epidemiologic study. However, a randomized clinical trial assessing a specific ADM's effects on the incidence of PaC is very difficult to realize because of the required sample size and duration of follow-up 30 . We tried to consider the degree of hyperglycemia by adjusting the different types of ADM exposure and fasting glucose level at baseline in subgroup analyses. Third, the long-term effects of each ADM could not be investigated owing to the relatively short average follow-up period of 4.8 years. Finally, the type of diabetes was not differentiated because ICD codes cannot be used to precisely distinguish type 1 and type 2 diabetes. However, we expect the proportion of type 1 diabetes and its impact was negligible because the incidence of PaC in insulin users was very small.
In conclusion, Korean adults with diabetes are at high risk of PaC compared with nondiabetic individuals and the degree of risk varies among ADM users. Metformin, DPP4i or TZD exposure is related to decreased risk for the development of PaC, while sulfonylurea or insulin exposure is associated with increased risk. The findings from this nationwide cohort could provide clinically meaningful evidence for the emphasized screening of PaC in diabetic patients. Further studies with longer follow-up and in other ethnicities are required to confirm our results about the effects of each ADM class on the risk of PaC.
